Egg-to-adult survival of Adh genotypes of Drosophila melanogaster on ethanol food appears to depend on the age at which the eggs are transferred from regular to ethanol-containing food. Young eggs give much higher viability than old eggs. This seems to be due to an increased ethanol tolerance in eggs exposed to ethanol medium. Additionally it is shown that ADH activity in ethanol-treated eggs has increased as compared with non-treated eggs. It is argued, however, that it is not this increase in ADH activity but other, still unknown, factors which are responsible for ethanol tolerance in eggs and larvae. The relation between ADH activity and fitness of Adh genotypes in environments containing alcohols is discussed.
INTRODUCTION
AN important problem for population geneticists is finding what proportion of the allozyme variation found in natural populations of many species is associated with fitness differences, and what proportion is effectively neutral? (see e.g. Kimura and Ohta, 1971; Lewontin, 1974 , for extensive treatments of the selectionist-neutralist controversy).
The obvious way to get an unambiguous answer to this question is to determine the relative fitnesses of the different genotypes, preferably in a variety of environments. By choosing environments relevant to the properties of the enzyme under study, the chance of detecting selective differences due to the locus itself is greatly increased. Such relationships between the properties of allozymes and the survival of corresponding genotypes in relevant environments have been found, for instance, in the case of the amylase locus (De Jong and Scharloo, 1976) and the alcohol dehydrogenase locus of Drosophila melanogaster. With respect to the latter locus, several reports contain evidence that selection is operating. Selection was found to favour the F allele (notation according to Grell et al., 1965) when ethanol (Gibson, 1970; Bijlsma-Meeles and Van Delden, 1974) or one of several other alcohols (Van Delden et al., 1975) was added to the food. Morgan (1975) , in competition experiments with larvae on food with different alcohols, found in most cases an advantage of the FF genotype over the SS genotype. However, when adult flies were exposed to the vapour of 1-penten-3-ol, an alcohol known to give a toxic product of oxidation, more flies of the FF genotype died. From in vitro measurements using ethanol and several other alcohols as substrates (Gibson, 1970; Vigue and Johnson, 1973; Day et al., 1 974a, b) it appears that FF homozygotes possess higher 79 ADH activity than SS homozygotes, whereas heterozygotes have intermediate activity. Thompson and Kaiser (1977) demonstrated a positive correlation between the ADH activity of some strains and their egg-to-adult survival on alcohol supplemented media.
These results strongly support the idea that survival on media containing alcohols is directly related to ADH activity. However, this relationship does not appear to be a straightforward one in other reports. Oakeshott (1976) found the survival of heterozygous adults on ethanol food to be higher than that of both homozygous genotypes, whereas the ADH activity of the former was intermediate. However, the pre-adult developmental times of the different Adh genotypes did show a relationship with ADH activity. Brjscoe et al. (1975) found no difference in ethanol tolerance between adults of the FF and FS genotypes. McKenzie and Parsons (1974) found no difference in the frequency of the F allele in a population of Drosophila melanogaster within and outside a wine cellar, whereas the ethanol tolerance of flies in and outside the cellar was found to be different. Ward (1974 Ward ( , 1975 and Hewitt et al. (1974) by other factors. The experiments were started to discover the reason why there was a difference in survival on ethanol food between experiments carried out on various occasions in spite of equal ethanol concentration in the food (Bijlsma-Meeles, unpublished results). The question asked was whether the age of eggs of the three Adh genotypes, at the moment of transfer had any influence on subsequent egg-to-adult survival. In addition the ADH activity of eggs from the three genotypes was assayed both after exposure to normal medium and after exposure to a medium supplemented with ethanol.
MATERIALS AND METHODS (i) Strains
From the Groningen population (Bijlsma-Meeles and Van Delden, 1974) 27 homozygous fast (F) lines, and 27 homozygous slow (S) lines (notation according to Grell et al., 1965) were obtained from single-pair crosses between identical homozygous parents. All the lines that showed the same genotype were mixed and distributed over 10 bottles. Thereafter they were maintained at 25°C and 70 per cent RH on regular food medium as one population by mixing the flies from all the bottles every 14 days when transferring them to fresh bottles. Ten months after the foundation of the homozygous populations, flies from them were used in the experiments to be reported.
(ii) Food media Normal medium contained 19 g agar, 54 g sucrose, 32 g yeast, 13 ml nipagin solution (10 g nipagin in 100 ml ethanol 96 per cent) in 11 water. Ethanol medium was obtained by adding 12 ml ethanol (96 per cent) to 88 ml normal medium with vigorous stirring, after the latter had been cooled to 50°C. Ethanol food was stored at 4°C and used about 24 hours after preparation.
(iii) Egg collecting Virgin flies, grown at 25°C and 70 per cent relative humidity on normal medium in uncrowded conditions were collected and crossed in order to obtain eggs of the required genotypes. To stimulate egg production flies were fed with additional live yeast during 3 days, before transferring them to the egg laying vials. These vials contained a thin (5 mm) layer of agar (2 per cent solution in tap water) for egg laying and live yeast for feeding.
To obtain egg laying medium containing 12 per cent ethanol, the agar solution was cooled to 50°C and the appropriate amount of ethanol was added with stirring. Egg laying media were always used within a few hours after preparation. After a few hours of egg laying the flies were discarded. For egg collecting the eggs were washed from the agar surface with tap water.
(iv) Age experiment To investigate the influence of age of transfer to ethanol food on subsequent egg-to-adult survival, an experiment was performed as follows.
Eggs laid on egg-laying medium without ethanol by 10 to 12-day-old flies during a period of 4 hours were kept on this medium for various periods before they were transferred to vials containing 9 ml ethanol food. Eggs transferred immediately to the ethanol food after the egg-laying period of 4 hours are referred to as eggs with a mean age of 2 hours. Eleven tests have been done, five of which were started with eggs (mean age 2, 6, 10, 14 and 18 hours respectively), one with about equal numbers of eggs and larvae (22 hours), and four with larvae only (26, 30, 63 and 78 hours) . In addition a test was carried out in which eggs were laid on egg-laying medium containing 12 per cent ethanol and thereafter (at a mean age of 18 hours) transferred to the vials containing ethanol food. Each test was started with 12 vials of each of the Ad/i genotypes: SS, FF, SF and FS (the first letter refers to the genotype of the mother). Each vial was started with 50 individuals (eggs or larvae). From each vial the hatched adults were collected daily and counted. In order to determine whether ADH activity in eggs changes after exposure to ethanol the following experiment has been done. Eggs were laid by 6 to 8-day-old flies during 3 hours on egg-laying medium with or without 12 per cent ethanol, and kept on these media until a sample was taken for ADH activity assay, the age of the FF, SS and FS eggs at that moment being 16, 17 and 18 hours respectively. Egg samples of a given genotype but originating from different media were assayed alternately. 42J1-r Four replicate samples of each genotype were used from both media. Each sample consisted of an amount of eggs of known weight. About 5 mg appeared to be suitable for the assay, which was carried out according to the method of Van Delden et al. (1975) . In order to calculate the enzyme activities of individual eggs the weight of eggs originating from normal and ethanol medium was determined. Five replicate samples (of 50 eggs) of each genotype and treatment were weighed for this purpose.
RESULTS
(i) Age experiment when transferred to ethanol food. If eggs were transferred to this food, however, a variable fraction of adults developed. From eggs transferred at an early stage to the ethanol food and consequently exposed to it for a longer period before hatching, more adults developed than from older eggs. Also, when third instar larvae were transferred to ethanol food, some adults hatched (except in the case of the SS genotype). The survivors in this case most probably developed from larvae ready to pupate when transferred.
It was observed that these larvae had a tendency to avoid the food and immediately to climb the walls of the vials. As well as the differences in but was much higher than in the other experiment started with eggs of 18 hours, which were laid on egg-laying medium without ethanol. A separate control experiment was performed to investigate the possibility that the differences in viability connected with the transfer from egg-laying medium to ethanol medium, described in the previous section, were merely caused by the lack of sucrose and nipagin in the former medium. In this experiment homozygous SS eggs, laid on this egg-laying medium or on regular food medium during a period of 4 hours, were transferred both to normal and to ethanol medium, either immediately or after 14 hours. In this way eight tests, each consisting of 10 replicate vials (each with 50 eggs), were carried out under conditions identical to those in the previous experiments. The results are given in table 3A. From the analysis of variance (table 3B), performed after angular transformation of the data in table 3A it appeared that the medium on which the eggs were laid had no effect on viability. Comparable to the previous experiments however, it was found that both the age of the eggs at transfer and the medium to which the eggs were transferred affected viability significantly.
From these results it appears that under the influence of environmental ethanol a tolerance against ethanol can develop in eggs. The responsible mechanism could possibly be an increase in ADH activity.
(ii) ADH activity assay
The results of this experiment are listed in table 2. Means and standard errors of ADH activity per mg egg weight and weight per 50 eggs are given in the first two rows, both for ethanol treated and control eggs of the three Ad/i genotypes. It can easily be seen that after exposure to ethanol, eggs of all genotypes have higher ADH activity/mg than control eggs, whereas their weight is lower than of the control eggs. All these differences, tested A'Ieans and standard errors (SE.) of ADH activity and weight of eggs of three Adh genotypes after exposure to a 12 per cent ethanol medium (e) and control medium (c). Differences are tested for sign j/icance by means of a student's t-test for each genotype separately and the probability P is given. ADH activity is expressed as E. 1O by means of a Student's t-test are significant. The increase in ADH activity after treatment with ethanol, expressed per mg egg weight, could be caused by a lower weight of these eggs, as samples of equal weight contain more ethanol-treated than control eggs. For this reason ADH activities per egg were also calculated, by correcting the values of each of the four replicate measurements of ADH activity/mg for the values determined for the weight of 50 eggs. In this way four replicate values of activity/egg were obtained for each genotype; their means and standard errors are given in the third row of table 2. ADH activity expressed per individual egg appears to be higher after the ethanol treatment, the difference being significant except for the FF genotype.
Discussion
The question whether differences in age of eggs at the moment of transfer to ethanol food have any influence on egg-to-adult survival can be answered positively. The results show clearly a negative correlation between the age of eggs and the percentage of hatching adults on food containing 12 per cent ethanol. Transferring young larvae to this food can lead to 100 per cent mortality. As a difference of only a few hours in the age of the eggs already causes substantial differences in survival (especially around an age of 12 hours) it will be apparent that this effect can have important consequences for the outcome of experimental work.
The possibility that the phenomenon is due to the experimental design needs to be considered. The ethanol concentrations in the food, though equal at the start of each test, when the eggs are transferred, will gradually decrease by evaporation during the experimental period. In tests started with relatively old eggs, larvae will hatch sooner after the start of the experiment than in tests started with younger eggs. Consequently the former larvae may have to cope with a higher ethanol concentration in the food, which in turn, may result in a higher mortality of these larvae. Considering the results of two tests started with eggs of equal age, but laid previously on different media (table 1: age groups of 18 hours), it appears that this cannot be the whole explanation. At least 30 per cent more flies hatched from the eggs that had been laid on ethanol medium than from eggs originating from medium without ethanol. From this it appears that previous exposure of eggs to ethanol medium increases subsequent survival on ethanol food. And though in a preliminary experiment it was found that eggs on a 12 per cent ethanol medium hatch a few hours later than on contol medium, it is difficult to conceive that a decrease in ethanol concentration in such a short period is sufficient to cause such a difference in survival. That the decline in viability is not caused by the initial stay on egg-laying medium, lacking sucrose and nipagin, is clearly demonstrated by table 3. Again it is shown that young eggs transferred to ethanol medium show a much higher survival than older eggs, though the survival is lower than in the first experiment (table 1). As the control experiment was performed more than 1 year after the original experiment, it is likely that changes in viability had occurred in the strains leading to an overall decline in viability.
As there seem to be sufficient arguments to exclude the possibility that the age effect is an artefact of the particular methods used, the most likely explanation is that exposure of eggs in an early developmental phase or during a certain length of time leads to increased ethanol tolerance in eggs or larvae.
It is further shown that eggs have higher ADH activity after exposure to ethanol, though the difference was not significant in the case of eggs of the FF genotype, when activity was expressed per egg. Substrate induced changes in ADH activity have been reported by }{orikawa et al. (1967) and Gibson (1970) for embryonic cells and larvae of Drosophila melanogaster respectively. To observe them also in Drosophila eggs that must be rather impermeable to ethanol, as they resist temporal submersion in 75 per cent ethanol without much harm (Lazarus et al., 1960) , is unexpected. However, very small amounts of ethanol may be sufficient to produce these changes. Small amounts could pass, either from solution or as vapour, through the micropyle that is believed to penetrate the vitelline membrane (King and Koch, 1963) even if the membrane itself was impermeable. It remains possible, however, that the observed changes in the egg are secondary effects of the ethanol treatment, connected for instance with dehydration or changes in the covering membranes.
The experiment described here was designed to compare ethanoltreated and control eggs within, rather than between, genotypes, as eggs of the various genotypes were exposed to ethanol for slightly different periods. For this reason the results cannot be compared with Gibson's finding that larvae of the various Adh genotypes showed a differential increase in ADH activity. The relative differences between genotypes in ADH activity found in control eggs are significant and comparable to the differences found generally in larvae and adults: FF>FS>SS. Also the activity in ethanol-treated FF eggs is significantly higher than in ethanoltreated SS eggs.
Considering each genotype separately it seems likely that the increased ethanol tolerance developed in eggs under influence of environmental ethanol is due to the higher ADH activity at the same time induced in these eggs. Comparison of the data for the various genotypes, on the contrary, leads to the conclusion that there can be no causal relationship between survival and ADH activity, at least not absolute ADH activity as measured in vitro. It is true that, after exposure of SS eggs to ethanol, ADH activity and egg-to-adult survival are considerably increased, but the enzyme activity is still lower than that of unexposed FF eggs, which survive very poorly.
Apparently factors other than absolute ADH activity underlie the ethanol tolerance of Drosophila inelanogaster. This is in accordance with the finding of McKenzie and Parsons (1974) of a difference in ethanol tolerance between adult flies in and outside a wine cellar, whereas there was no difference in genotypic composition with respect to the Adh locus. The development of a tolerance to ethanol distinct from the ADH system would also account for the lack of selection for high ADH activity in populations kept on ethanol food (see Introduction). The rise in ADH activity influenced by ethanol is apparently of little adaptive significance. It could be part of a response by the organism to stress (in this case high ethanol concentration). It might be interesting to investigate other enzymes in this respect as well.
The nature of the induced ethanol tolerance is still obscure but the fact that the permeability of membranes can change under the influence of ethanol may be relevant (Chin and Goldstein, 1977) .
So far the results seem to demonstrate that ADH activity and survival on ethanol food have no causal relationship. But how do we explain the fact that the differences of activity in vitro found between Adh genotypes (Rasmuson et al., 1966; Gibson, 1970; Vigue and Johnson, 1973, Day et al., 1974a, b) show a suggestive consistency with fitness differences demonstrated in the presence of alcohols (Gibson, 1970; Bijlsma-Meeles and Van Delden, 1974; Morgan, 1975; Thompson and Kaiser, 1977) ? Also, in the age experiment (table 1) FF genotypes have significant higher survival than SS genotypes on ethanol food in most age groups. Given the suggestion that ADH activity is not important for survival, it seems inappropriate to ascribe the better survival of the FF genotype to the higher in vitro ADH activity. Perhaps there is a possibility that differences other than enzyme activity between the Adh genotypes are playing a role. The fact that selection also favours the F allele on food with methanol, which is not metabolised by ADH (Van Delden et al., 1975) seems to support this.
There is another interesting aspect in the data of table 1. Survival of the SS genotype, when expressed as a percentage of that of the FF genotype, rises from about 25 per cent in the relatively old age groups to about 90 per cent in the younger age groups. The difference even vanishes when the eggs are only 2 hours old. If the latter fact is not due to chance this could mean that the differences are not found unless the organism is exposed to rather abrupt changes in ethanol concentration. This certainly needs further investigation as in the majority of the cases where fitness differences between Adh genotypes are demonstrated on ethanol medium, eggs, larvae or adults are transferred to this food after they had been laid or grown on media without ethanol. New experiments will be needed to determine if the differences still exist when the whole life cycle is accomplished on ethanol food. No conclusion can be drawn from the one test in which the eggs were laid on ethanol medium (table 1, 18* hours) since it is likely that due to evaporation the ethanol concentration in the thin layer of egg-laying medium has become lower than on the ethanol food to which the eggs were transferred after 18 hours. It is important to do such experiments, because it is unlikely that flies in natural populations are subject to such abrupt changes in ethanol concentration. It is also evident that considering the relation between ADH activity and survival on ethanol media one has to be aware that the activity of a particular genotype cannot be regarded as a constant. It varies within genotypic classes (Ward, 1974) , in the course of development (Dunn et al., 1969; Wright and Shaw, 1970; Hewitt et at., 1974) and under the influence of environmental ethanol, as shown in this paper and by Gibson (1970) and Horikawa et at. (1967) .
